Streptomyces coelicolor produces four known antibiotics. To define genetic elements that regulate antibiotic synthesis, we screened for mutations that visibly blocked synthesis of the two pigmented antibiotics and found that the mutant strains which we recovered were of two classes-double mutants and mutants in which all four antibiotics were blocked. The mutations in these multiply blocked strains define a new locus of S. coelicolor which we have named absA. The genetic location of absA, at 10 o'clock, is distinct from the locations of the antibiotic gene clusters and from other known mutations that affect antibiotic synthesis. The phenotype of the absA mutants suggests that all S. coelicolor antibiotic synthesis genes are subject to a common global regulation that is at least in part distinct from sporulation and that absA is a genetic component of the regulatory mechanism.
Streptomyces spp. are well known for their capacity to synthesize an enormous variety of antibiotics as secondary metabolites. The complex life cycle of these bacteria includes differentiation into a sporulating, antibiotic-producing multicellular organism. In colonies, differentiation is first visible after several days of growth, when prespore aerial hyphae grow vertically out of the vegetative mycelium. Aerial hypha formation is temporally coordinated with antibiotic production, and there is genetic evidence that they are coordinately regulated (26) .
The control of Streptomyces coelicolor antibiotic synthesis is an aspect of development that is especially amenable to genetic analysis, since two of its four antibiotics are pigmented and easily seen. Also, the four antibiotics have been genetically characterized (15, 20, 24, 30, 31, 36) , and three antibiotic gene clusters have been cloned (6, 9, 24) . Genetic evidence that the onset of sporulation and antibiotic production are subject to common control has come from the isolation of single mutations that block both processes-the bld mutations. Several bld loci have been defined by such mutations (3, 5, 26) . One interpretation of the Bld phenotype is that bld genes function in the vegetative colony to initiate expression of genes involved in sporulation and antibiotic synthesis.
A partial, nutritional uncoupling of antibiotic synthesis from sporulation has been observed in mutants of the bldA, -C, -D, and -G loci (3, 26) . In these bld mutants, the Bldphenotype varies with nutritional conditions; although Bldon glucose media, the mutants are capable of some sporulation on poor carbon sources. However, antibiotic production is not normally restored under the nutritional conditions that restore sporulation.
Defective antibiotic synthesis has also been reported in isolates with mutations of the afsB locus, which was identified during studies on the synthesis and role of A-factor in S. coelicolor (10) . A-factor, a small, diffusible molecule, has been implicated in both antibiotic production (streptomycin) and sporulation in Streptomyces griseus (reviewed in reference 10). In this streptomycete, A-factor-deficient mutants were found to be defective in streptomycin synthesis and sporulation, but the mutants could be phenotypically corrected by growth in the presence of added A-factor. In S. coelicolor, afsB mutants were isolated on the criterion of lacking A-factor and were found to be also defective in production of actinorhodin and undecylprodigiosin. However, since exogenous A-factor could not correct the pigmentation defect in afsB mutants, and since additional mutants could be isolated that lacked A-factor but that were not pigmentation defective (afsA mutants), the role, if any, for A-factor in S. coelicolor antibiotic production has not been determined.
An additional locus, afsR, has been reported to be involved in global regulation of Streptomyces antibiotic synthesis. This locus was first identified in attempts to clone the wild-type afsB gene (17) . Although afsB+ was not cloned, a clone capable of suppressing the afsB phenotype was obtained (27, 32) . The gene responsible has been named afsR (R for regulatory) (32) because it is capable, when on a multicopy plasmid, of increasing pigmented antibiotics not only in afsB mutants but also in wild-type S. coelicolor and Streptomyces lividans and even in a variety of S. lividans mutants blocked early in development (17, 32) . This stimulatory effect, at least in the case of actinorhodin synthesis, has been shown to be due to increased transcription of the actinorhodin genes (18) . The (2) . S. lividans 1326 was used for phage propagation (23) . The phage 4)C31 KC603 contains the bldA+ allele on the 5.6-kilobase insert. KC603 lysogens for complementation studies were constructed as described previously (3) .
Media and culture techniques. Minimal plate media for genetic analysis, nutrient agar, R5, and YEME were as described by Hopwood et al. (14) . YMPG was described previously (16) (33) .
Assay conditions for the calcium-dependent antibiotic were adapted from Lakey et al. (21) . Briefly, agar plugs of 2-day-old cultures of the test strains C542, J1501, and TK18, which were grown on Oxoid nutrient agar (ONA), were placed onto plates of ONA with and without added calcium. Soft ONA or ONA plus Ca was seeded with CDA-sensitive Staphylococcus aureus (21) and was overlaid around the plugs. After overnight refrigeration, the plates were incubated overnight at 37°C.
For actinorhodin, undecylprodigiosin, and growth assays, 200-ml cultures of YEG, in 1-liter baffled flasks, were inoculated to a density of 5 x 104 spores per ml with J1501 or an abs mutant strain and incubated with shaking at 30°C. At daily intervals 5-ml samples were taken. For growth measurements, mycelium from a 5-ml sample was collected on Whatman paper and weighed. For actinorhodin measurement, NaOH was added to a 5-ml sample to achieve a pH of 12. After 1 h at room temperature, the culture was filtered through a 0.2-,m-pore-size filter unit (Nalgene). Absorbance of the filtrate was measured over a range of wavelengths from 400 to 900 nm. From YEG-grown cultures, the absorbance maximum was at 580 nm (27, 35) . After adjustment to pH 2 with HCl, the actinorhodin maximum shifted to a broad peak of 510 to 530 nm, as reported by Horinouchi and Beppu (16) . For undecylprodigiosin, a 5-ml sample was first extracted with NaOH to solubilize actinorhodin as above and then centrifuged, and the mycelial pellet was washed. The mycelium was then extracted with methanol (pH 2) overnight at room temperature. After filtration through a 0.2-,um-pore-size unit, the absorbance maximum of the filtrate was measured over a range of wavelengths from 450 to 650 nm; the absorbance maximum was at 530 nm but shifted to 468 nm after the addition of NaOH to adjust the pH to 12, as reported for undecylprodigiosin by Horinouchi and Beppu (16) .
Mutagenesis and mutant isolation. Spores of J1501 were treated with N-methyl-N'-nitro-N-nitrosoguanidine (14) or irradiated with UV light (254 nm) to a survival rate of 0.1 to 1% (14) and then plated at about 400 colonies per plate on glucose minimal medium. Incubation was at 35°C for 4 to 5 days. Under these growth conditions, J1501 colonies sporulated and were red due to production of the two pigmented antibiotics, actinorhodin and undecylprodigiosin. Actinorhodin, which normally is blue and diffusible at alkaline pH, remained cell bound and red under these conditions, because J1501 produces relatively large amounts of acid when grown on glucose at 35°C (22) . Thus, diffusing actinorhodin did not obscure unpigmented mutants.
Genetic mapping techniques. Crosses and data analyses were carried out as described previously (3). Chromosomal recombination was mediated primarily by the plasmid SCP1 integrated at 9 o'clock on the genetic map to give the NF fertility type (12) . Several phenotypes are associated with the NF state. (i) NF strains are Aga-because they fail to produce an agarase for which the gene is deleted when SCP1
integrates (11) . Aga' strains sink down into the agar; Agastrains do not. (ii) NF strains are normally methylenomycin producers and are methylenomycin resistant, since the production and resistance genes for this antibiotic are encoded by SCP1. Production of and resistance to methylenomycin were assayed as discussed above.
In an NF x SCP1-cross, close to 100% of the progeny will be NF (13) . The frequency of other markers donated by the NF parent decreases in both directions from the insertion region at 9 o'clock. In this work we have exploited the observation (13) that in a cross between an NF strain and an SCP1-strain such as a J1501 derivative, greater than 95% of the spore progeny will be hisAl strAl when plated nonselectively (our unpublished results). The biased recombination of an NF x SCP1-cross was exploited to obtain backcrossed recombinants in which the chromosomal region from 10 o'clock clockwise to eight o'clock originated from the SCP1-parent and the region from 8 o'clock to 10 o'clock originated from the NF parent. For mapping the abs mutations, biased recombination was avoided in some crosses by using NF Abs-strains derived from primary crosses in subsequent crosses with NF strains carrying standard markers (34 The colonies resulting from mutagenized spores were visually screened, and colonies that sporulated normally but that produced no pigment were isolated for further analysis. We isolated eight unpigmented mutants after examination of about 800,000 colonies; 700,000 of these were from UV mutageneses. Half of the unpigmented isolates proved to carry double mutations of the act and red loci (4) . Calculated from the results of previous mutant screens, the predicted frequency for unpigmented double mutants would be approximately 2 x 10-6, since act and red mutants were reportedly obtained at frequencies of about 1 x 10-3 and 2 x 10 -3, respectively (30, 31) , from UV mutageneses. Thus, the frequency at which we found double mutants, about 5 x 10-6, is in accordance with results from earlier screens by other investigators. After the double mutants were eliminated from consideration, the frequency of the remaining unpigmented mutants was also about 5 x 10-6. These unpigmented isolates were all obtained from UV mutagenesis. They were named strains C505, C542, C554, and C577.
In this mutant screen we also isolated an additional group of partially pigment-deficient mutants that will be described elsewhere.
Phenotypic characterization of Abs-mutants. If the unpigmented isolates were the globally blocked mutants sought in this study, they might also be defective in production of the two unpigmented S. coelicolor antibiotics, methylenomycin and CDA. The Abs-isolates were tested for production of these antibiotics in comparison with their Abs+ parent strain, J1501. Figure 1 shows the results of an assay for CDA. The parent strain produced an anti-S. aureus killing activity that was calcium dependent. In contrast, the Abs-isolate produced no detectable CDA activity. The abs mutation also blocked the synthesis of methylenomycin (Fig. 2) . In this experiment we compared SCP1+ and SCP1-derivatives of an Abs-strain constructed as described in Materials and Methods. The SCP1-parent strain was strongly inhibited by methylenomycin produced by its SCP1-carrying derivative (Fig. 2 , intersection of streaks C and E). In contrast, the SCP1+ Abs-strain produced no inhibitory activity (intersection of streaks A and E). When the SCP1-carrying Abs+ parent was streaked against itself, no inhibition occurred (intersection of streaks C and D). Interestingly, the SCP1+ Abs-strain also expressed methylenomycin resistance (intersection of streaks D and A), although it did not produce methylenomycin. All parent), plug B is C542 (Abs-), plug C is TK18 (act red). Plugs were taken from 2-day-old plates of ONA. With longer incubation on ONA J1501 produces actinorhodin, which also kills S. aureus; actinorhodin killing activity was apparent on plates without calcium after 3 days of incubation (data not shown). Therefore, strain TK18, an act red double mutant (Table 1) , was included to show that, under these assay conditions, we were observing the CDA activity and not actinorhodin activity.
cin and CDA assays were repeated many times with no detection of either antibiotic activity.
The growth rate and mycelial accumulation of an Absisolate were normal compared with those of the Abs+ parent. Figure 3A shows the results for mycelial accumulation. The Abs-isolate C505 was normal in comparison with the parent strain when grown in YEG (the small difference at day 2 was not reproducibly observed in other experiments). Similar dry weight measurements were also made for cultures grown in liquid R5, YMPG, and glucose minimal media, and no growth defect in the Abs-mutants was observed in any medium. Thus, the abs mutation prevents the synthesis of antibiotics without significantly affecting growth rate or mycelial accumulation.
Production of actinorhodin and undecylprodigiosin was quantitated as described in Materials and Methods. Figure  3B C505 was completely deficient in actinorhodin production over the entire course of the fermentation. The failure to produce actinorhodin was also observed in cultures grown in liquid R5, YMPG, YEME, and liquid glucose minimal media. Undecylprodigiosin was also assessed in the same YEG cultures; the C505 mutant produced no detectable antibiotic (Fig. 3C) , in contrast to the parent. The other three Absstrains, C542, C554, and C577, were also completely deficient in both actinorhodin and undecylprodigiosin (data not shown).
In summary, the Abs-mutants were isolated on the basis of simultaneous loss of the ability to synthesize two pigmented antibiotics and were shown to be severely defective in the synthesis of both of the other known antibiotics. Nevertheless, the Abs-mutants sporulated normally on all plated media tested (see below), with aerial hyphae appearing and maturing to spore chains at the same time as in the parent strain. Figure 2 illustrates the sporulation capability of C542 (streaks A and B) in comparison with that of the parent (streaks C, D, and E).
The Abs-phenotype did not vary with any nutritional condition which we tested. Plate-grown cultures on R5, nutrient agar, or minimal medium with glucose or maltose failed to produce actinorhodin, undecylprodigiosin, or CDA. Methylenomycin was not produced on R5 or nutrient agar; it could not be assayed on minimal medium.
Genetic characterization of abs mutants. In a preliminary cross, an Abs-mutant strain, C542, was crossed with an antibiotic-producing strain, 1514 Fig. 4 . The frequency at which the abs-542 allele was recovered among recombinants indicated that it was located either between the cysA and uraA loci or between the hisA and argA loci. Segregation of abs-542 was independent with respect to the argA+ allele but not with respect to the cysA+ allele. Therefore the position counterclockwise to cysA was preferred. In crosses comparable to that shown in Fig. 4 , strains C505, C554, and C577 were also analyzed genetically and were shown to carry mutations that also mapped to a position near to and counterclockwise of cysA.
An additional cross was performed to confirm the location of the abs mutations. This cross, which was a backcross of the abs mutant strain with the parent from which it was derived, was also used to replace most of the chromosome of the abs strain with unmutagenized chromosome from the parent strain. We were able to perform such a backcross because the position of the abs-542 mutation allowed us to take advantage of the unusual recombinant genotypes that arise after an NF x SCP1-cross (see Materials and Methods). This cross allowed us to move the abs mutation to an unmutagenized strain.
For this cross, C5422, an abs-542-carrying recombinant from the cross shown above in Fig. 4 , was crossed with J1501. The allele frequencies among recombinants indicated two possible positions for the abs-542 mutation, either clockwise of the SCP1 integration site and before cysA or counterclockwise before uraA (Fig. 5) . Because segregation of abs-542 was independent with respect to the uraA+ allele but not with respect to the cysAlS allele, the position between cysA and the 9 o'clock region was preferred. Abs- cys+ pro' hisAl arg+ strruraAl recombinants were obtained from this cross. These recombinants carried a chromosome originating from the J1501 parent for the entire region from cys clockwise to ura. The region clockwise of ura, including SCP1, originated from either J650 or 1514. Thus these strains carried C542 DNA only from the region between cysA and the 9 o'clock region. These recombinants had a phenotype identical to that of the C542 isolate, eliminating the possibility that any mutations outside of this region contributed to the Abs-phenotype.
An assessment of whether all of the abs isolates carried mutations of the same locus was made by crossing the mutants against each other. For these crosses, NF uraAl pro' and NF ura+ proAl strains were obtained for each abs mutation, since the uraA and proA loci flank all the abs mutations. All possible pairwise combinations of abs mutants were crossed, with selection for ura+ pro' recombinants. In these crosses, pigmented colonies arose at frequencies of less than 0.05 to 0.3%. In no case did reciprocal crosses between a given pair of mutants (for example, abs-542 ura+ proAl crossed with abs-SS4 uraAl pro' and abs-542 uraAl pro' crossed with abs-554 ura+ proAl) yield significantly more recombination with one selection than with the other. As mentioned below, spontaneous pigmented apparent revertants arose readily in the abs mutants; we attribute the pigmented colonies obtained in these crosses to apparent reversion rather than recombination. Thus, we conclude that all of the abs mutations were closely linked, and we have named this locus absA.
We compared absA with other loci to determine whether it was identical to three other previously described S. coelicolor loci. The first of these was the bidA locus, since the map position of the absA locus was near bldA (26) . As mentioned above, the phenotype of bldA mutants is different from that of absA mutants; although both are blocked in production of the four S. coelicolor antibiotics, bldA mutants are also blocked in formation of a sporulating aerial mycelium. Nevertheless, to rule out the possibility that the absA mutations were alleles of bldA that resulted in a different phenotype, they were tested for complementation by a bldA+ allele as described in Materials and Methods. Phage strain KC603 (containing the bldA+ locus) failed to restore pigmentation after lysogen formation (data not shown). Therefore, the absA mutations were not recessive alleles of either bIdA or of any gene neighboring bldA on the 5.6-kb cloned insert. As further confirmation of the nonidentity of absA and bWdA, the bldA strain J668 was crossed with the absA strain C5423 (Table 1) . With selection for strAl ura+, 14% of the recombinants were pigmented. In a reciprocal cross, with selection for strAl his', only 0.2% of the recombinants were pigmented. These results clearly indicated that the absA mutation was not an allele of bldA and positioned the absA locus counterclockwise of b1dA.
We also tested the afsB locus, since mutants of this locus had been reported to sporulate but to be pigment deficient (10) (see Discussion). The map position of the afsB locus had been reported to be at 5 o'clock, and we verified that the absA locus, which we had mapped to 10 o'clock, was distinct from afsB by crossing an absA mutant strain, C5423, with an afsB mutant strain, BH5 (Table 1) . With selection for the strA hisA+ alleles, 41% of the recombinants were normally pigmented, indicating that the afsB and absA loci were clearly distinct.
The third locus to test was afsR. Since its genetic location had not been determined, it was possible that absA mutations were in the afsR locus. To test this possibility, we had to determine the genetic origin of the cloned afsR sequence. A 2.1-kb SacI-PstI fragment from pIJ702-AP22 (19) was subcloned into KC516 to form the phage strain PR106 (see Materials and Methods). This phage, which has its attachment site deleted, can form lysogens by Campbell-type integration at the chromosomal region that is homologous to the cloned afsR insert. Lysogens of J1501 were selected as described in Materials and Methods. The thiostrepton resistance marker carried on the phage vector was then used as a mapping marker to locate afsR. An NF strain (J668), lysogenized with a 4)C31 strain (KC603) to prevent zygotic induction, was crossed with J1501::PR106 SCP1-. (The bldA genotype of J668 was irrelevant in this context.) With selection for strAl his', 85% of 480 recombinants were thiostrepton resistant, suggesting a location for Tsrr close to strA. Segregation was observed with the uraA locus at 8 o'clock (P = 0.001) but not with the mthB locus at 5 o'clock (P = 0.2). No segregation with Vior (carried by KC603, which was integrated at the bldA locus at 10 o'clock) was observed (P = 0.3). Because 63% of the strAl his' progeny were uraA, the favored location for Tsrr was between strA and uraA, at about 7 o'clock. These results demonstrated that afsR and absA were different loci.
DISCUSSION
The result of an extensive search for S. coelicolor mutations that uncouple sporulation from antibiotic synthesis and, in so doing, globally block antibiotic synthesis has been the discovery of the absA locus. Although they were isolated for failing to produce two antibiotics, absA mutant strains failed to produce any of the four known S. coelicolor antibiotics, strongly indicating that they globally blocked antibiotic synthesis. Nevertheless, they sporulated normally. The map location of absA, at 10 o'clock, is distinct from the locations of at least three of the four affected antibiotics, undecylprodigiosin, actinorhodin, and methylenomycin, which are, respectively, at about 5, 6, and 9 o'clock (20, 30, 31) . The data presented here did not locate absA with respect to the CDA locus, which also lies in the region between 9 and 11 o'clock (15) . Thus The effect of absA mutations on the development of antibiotic resistance is interesting. Generally, the level of resistance to a given antibiotic increases at roughly the time of onset of production of the antibiotic (25) . In many cases, the cluster of antibiotic biosynthetic genes includes at least one gene that encodes a resistance function (6, 8) ; in the case of streptomycin, Distler et al. have observed that the streptomycin resistance gene is cotranscribed with a putative positive regulatory gene (8) . We observed that absA mutants, although failing to produce methylenomycin, were as resistant as the wild type to methylenomycin (Fig. 2) . This result suggests that resistance and production genes may not all be commonly regulated or that production genes have additional requirements for expression.
The phenotypes of the bld and abs mutants invite speculation about the order of gene activity in the genetic pathway or pathways that mediate the transition from a vegetative to a differentiated colony. In the simplest model, abs activity could be placed downstream from bld activity, with abs involved more directly than are the bld genes in turning on the antibiotic operons. An independent pathway to sporulation, diverging from the common developmental pathway downstream of the bid activities, is suggested by the ability of sporulation to proceed independently of antibiotic production in the abs mutants.
